Measurements of hyper-Rayleigh scattering intensities and polarization ratios are presented for nine small molecules in the gas phase [CH 4 
I. INTRODUCTION
Molecular first hyperpolarizabilities β are usually measured in the condensed phase, whereas ab initio calculations of β are usually for isolated molecules. Although calculation methods for molecules in the condensed phase are currently being developed, quantitatively accurate predictive calculations of the nonlinear optical properties of materials are difficult since they require careful treatment of many different physical effects. 1 The calculated results are sensitive to basis set and correlation treatment, molecular geometry and vibration, and interactions with the solvent. Adequate ab initio calculation methods for gas phase molecular hyperpolarizabilities, tested and calibrated against accurate experimental measurements of gas phase molecular hyperpolarizabilities, are the first step in developing adequate calculation methods for condensed phase nonlinear optical properties. 2 There is limited experimental data on the gas phase hyperpolarizabilities of molecules to serve as benchmarks for assessing the theoretical calculations. Almost all the existing data are from electric-field-induced second harmonic generation (ESHG) measurements of a single combination of tensor components, β || = (1/5) i {β zii + β izi + β iiz }, the vector component of β in the direction of the molecular dipole moment. 3 Hyper-Rayleigh scattering (HRS) measurements have the potential to provide up to six independent pieces of information about the β tensor, and in the most favourable cases could determine all components of the β tensor. [4] [5] [6] [7] This work presents gas phase HRS measurements which attempt to determine β tensor components for several small molecules of high symmetry. These experimental results are then compared with corresponding results from existing ab initio calculations for these molecules.
II. HRS POLARIZATION DEPENDENCE
The usual 90
• scattering configurations with incident and scattered light linearly polarized either perpendicular or parallel to the horizontal scattering plane are denoted VV, HV, VH, and HH, where V denotes vertical polarization, H denotes horizontal polarization, and the first and second letters refer to the incident and scattered light, respectively. Two additional configurations with circular polarized incident light are denoted CV and CH. The HRS intensity at 90
• scattering angle, with elliptical polarized light incident and linear polarized light detected, may be expressed in terms of the molecule-frame β tensor components as shown by Bersohn et al. 4 With the elliptical polarized incident electric field given by
the V and H linear polarized HRS scattered intensities are
Suppressing the common proportionality constant, the four coefficients A, B, C, D can be expressed in terms of six isotropic averages of lab-frame β tensor components
The six HRS intensities with V, H, or C incident polarization (δ = 90
• , ψ = 0 • , 90
• , or 45
• , respectively) are given by
Expressions for the six terms t 1 − t 6 in Eqs. (8)- (11), for C ∞v , C 3v , or C 2v point group symmetry, are Table I gives expressions for the nine factors a 1 − g 3 in terms of the non-vanishing, independent, molecule-frame β tensor components for molecules with C ∞v , C 3v , or C 2v point group symmetry. 4 There are 3, 4 or 5 independent β tensor components for molecules with C ∞v , C 3v , or C 2v symmetry, respectively. 8 HRS measurements with VV, HV, CV, and CH polarizations can potentially determine four components. In the case that Kleinman symmetry holds (permutation symmetry of all the β spatial subscripts) the number of independent β tensor components is reduced to 2, 3 or 3, but then at most two components can be determined since all HRS observations at 90
• scattering angle can be expressed in terms of just I V V and I H V (for example, I CV = 2I H V and 6I CH = 9I H V − I V V ). Kleinman symmetry, which is exact in the static limit, is not assumed in the analysis of the experimental measurements. 
III. HYPER-RAYLEIGH SCATTERING EXPERIMENT
The present HRS measurements were made with linear or circular polarized light at or near the 90
• scattering angle, using previously described apparatus and techniques. 9 The main experimental measurements are the gas phase HRS intensity I V V , and the polarization ratios I V V /I H V , I CV /I H V , and I CH /I V H .
The gas sample is contained in a 1 cm fused silica fluorometer cuvette sealed to a sample reservoir and fill valve. Six of the sample molecules (N 2 O, NH 3 CO] were measured with 2 atm vapour pressure set by the temperature of the liquid in the sample reservoir, and with the cuvette and the remainder of the sample assembly placed inside an oven which was set to a temperature 10
• C higher to prevent condensation on the cuvette windows. Sample purity was >99.9% (except 99% for CF 2 Cl 2 ).
The laser beam (λ = 1064 nm, 100 ns pulses, 4 kHz repetition rate, 2 W average power, multi-longitudinal mode, 0.5 cm −1 spectral width) was focused into the sample cuvette, with the laser beam waist placed precisely at the focus of the aspheric lens that collected the scattered light. The numerical aperture of the collection optics (NA = sin α C , where α C is the angular radius of the cone of light accepted by the collection optics) was controlled by an iris placed after the collection lens, and a 350 cm −1 spectral band centered at λ = 532 nm was selected by an interference filter placed before the detector. The HRS signals were in the range 0.01-20 photon counts/s, while the background due to the gated dark count rate of the photomultiplier detector was 0.001 s −1 . It is convenient to align the apparatus using CF 2 Cl 2 since this gas gives a strong HRS signal and is easy to handle. A problem for some of the sample molecules was decomposition that occurred at the laser beam spot on the window, depositing a beam-absorbing or second harmonic generating spot. Significant sample degradation was observed in 1 min for CO and CH 3 CN, in 10 min for acetone, and 1 h for CCl 4 .
No useful results could be obtained for CO and CH 3 CN, and only limited results were obtained for acetone and CCl 4 . Baking the cuvette in air at 800
• C for 1 h eliminated the background signal due to such window contamination. No degradation was observed for the other samples during laser beam exposure for days or weeks.
The polarization state of the incident laser beam was switched using a liquid crystal variable wave plate (LCVWP) while the scattered light polarization remained fixed. Each polarization ratio was determined from HRS photon counts recorded for two different polarization configurations, alternating between the two configurations at 10 s intervals for several hundred cycles. Special measures described in Appendix A were required to set the LCVWP for the CV polarization configuration. Polarization ratio measurements were made for several values of the collection numerical aperture, and extrapolated to NA = 0 as shown in Figure 1 and described in Appendix B. The experimentally determined polarization ratios at NA = 0 are shown in Table II .
The normalized HRS signal measured in the VV polarization configuration is given by where I V V is the measured HRS signal intensity, P is the laser beam power, ρ is the gas number density determined from the measured gas pressure and temperature using the virial equation of state, 10 and = 2π (1 − cos[arcsin(NA)]) is the collection solid angle. The normalized HRS signal S V V is found to be independent of NA to within the experimental uncertainty, as shown by the horizontal lines fitted to the data for each molecule in Figure 2 , and measurements made over several months were reproducible to ±3%. Table III gives the average S V V measured for each molecule.
IV. EXPERIMENTAL RESULTS
Symmetry determines the HRS polarization ratios for the T d molecules. As a check, I V V /I H V for CCl 4 was measured, and the result in Table II Table II , and for these molecules one may use Eqs. (8)- (17) and Table I to solve for sets of β tensor component ratios consistent with the observed HRS polarization ratios. The results are shown in Table IV . There is a sharply defined solution for the C ∞v molecule N 2 O, but for each of the other four molecules a wide range of solutions fit the observations. For these four molecules a typical solution is shown, as well as the range of possible values found for each tensor component ratio. Gas
CH 4 2.00 ± 0.08 5.9 ± 0.4 CF 4 1.03 ± 0.02 4.2 ± 0.3 CCl 4 5.7 ± 0.1 9. Table IV shows that the ratio of these components is well determined for these molecules, and their difference is about 10%. For D 2 O, SO 2 , and CF 2 Cl 2 , where there are two pairs of tensor components affected by Kleinman symmetry breaking, there are many solutions consistent with the HRS observations and the tensor component ratios are not well determined. However, the typical solutions in Table IV for these molecules show that the observed deviations from I CV /I H V = 2 can be accounted for by small deviations from Kleinman symmetry for the tensor components.
The last column of Table IV shows β || /β V V , where
1/2 , evaluated using sets of β tensor components consistent with the HRS observations. The error bar on β || /β V V indicates the entire range of values consistent with the HRS observations, and one sees that β || /β V V is very accurately determined despite large uncertainties for the β tensor components. This enables one to calibrate β V V using ESHG measurements of β || . In particular, one obtains β V V = 10.4 ± 0.7 a.u. (atomic units) for D 2 O using the previous ESHG measurement β || = −17.8 ± 1.2 a.u. at λ = 1064 nm for calibration.
11 (The gas phase ESHG measurement for D 2 O was calibrated against N 2 , 12 which was ultimately calibrated by the ab initio calculation for He. 13 ) Then, one may apply β Table III. This calibration assumes that the measured S V V includes the entire rotational HRS spectrum, which is a potential problem for the light molecules CH 4 , NH 3 , and D 2 O. The HRS spectrum for CH 4 has been calculated as previously described, 14 and it is found that 74% of the integrated HRS intensity falls within a 350 cm −1 wide spectral window centered at the second harmonic frequency. The result S V V = 2.00 ± 0.08 = (1.48 ± 0.06)/0.74 in Table III takes this into account. In the case of D 2 O the observed rotational Raman spectrum extends past 300 cm −1 on the Stokes side, 15 and the HRS spectrum which also includes transitions with J = ±3 will extend even further. 16 However, I V V /I H V = 8.02 for D 2 O indicates that the vector part of β dominates, so transitions with J = 0, ±1 will make the main contribution to the HRS spectrum, with width similar to that of the rotational bandwidth (<300 cm −1 ) of the infrared absorption spectrum. 17 It has been assumed that the entire rotational HRS spectrum is included in the S V V measurement for D 2 O and also for NH 3 4 , CF 4 , and CCl 4 in the gas phase (7.1 ± 0.9, 5.4 ± 0.6, and 11.0 ± 0.9, respectively) (Ref. 14) are lower by a factor 0.7 compared to the present results, but they are less reliable since the calibration of the previous results was indirect and involved liquid phase HRS intensities.
V. COMPARISON WITH AB INITIO CALCULATIONS
The ab initio β xyz values for the tetrahedral molecules CH 4 , CF 4 , and CCl 4 , calculated at the experimental laser frequency and including electronic (β e ), zero-point vibrational averaging (β ZPVA ) and pure vibrational (β v ) contributions, are shown in Table V for comparison with the experimental results. 18 The vibrational terms nearly cancel, making a small net contribution to the total. For CH 4 the ab initio result shown in Table V is thought to have converged within 0.3 a.u., based on comparison with another calculation that thoroughly investigated basis set and correlation effects for the static electronic hyperpolarizability at the equilibrium geometry, 19 and the experimental and theoretical β xyz results for CH 4 in Table V 2 with the results from recent ab initio calculations of static β e for these molecules using CCSD(T) correlation treatment and large basis sets (162 and 168 CGTF). 20, 21 The small quantitative differences between experiment and calculation for these molecules (5% for N 2 O, 10% for SO 2 ) may be ascribed to neglect of frequency dispersion and vibrational contributions in the comparison. For the C 2V molecules the z axis is the twofold axis, pointing in the direction of the permanent molecular dipole moment, and xz has been chosen as the molecular plane. Since the calculations give β zxx > β zyy , the larger off-diagonal component obtained from the analysis of the HRS measurements has been assigned as β zxx . Comparable ab initio calculations are not available for CF 2 Cl 2 and (CH 3 ) 2 CO. Table VIII shows the results of electron correlated ab initio calculations for the H 2 O β e tensor, at the equilibrium geometry, both in the static limit and at the optical frequencies for nonlinear optical measurements (ω = 0, 0.04282, and 0.06562 a.u., corresponding to λ = ∞, 1064, and 694.3 nm).
1, 2, 22-27 Table IX shows results of ab initio calculations of β ZPVA and β v for H 2 O (at ω = 0 and 0.07 a.u.). [27] [28] [29] (Note that yz is the molecular plane in Refs. 
, where ν 0 = 0.79 cm −1 is the frequency for the inversion mode which dominates the vibrational contribution. 32 This large amplitude anharmonic Table XIII increases the discrepancy between theory and experiment for β || and β V V from 18% to 25%.
VI. SUMMARY AND CONCLUSION
Gas phase HRS measurements provide data which may be used to test ab initio calculations of molecular hyperpolarizabilities. Accurate absolute calibration of HRS β V V for several molecules was achieved using ESHG β || measured at the same laser frequency for one of the molecules, and the measured HRS polarization ratios give information about the shape of the β tensor and deviations from Kleinman symmetry. All β tensor components can be accurately determined experimentally for molecules with T d or C ∞V symmetry, where there are at most three independent nonvanishing components. For molecules of lower symmetry, where one cannot directly compare the experimental and theoretical β tensor components, the measured values for β || , β V V , I V V /I H V , I CV /I H V and I CH /I V H are compared against the corresponding values obtained from the calculated tensor components. Differences about 10% are seen for most of the comparisons between theory and experiment, even for high level ab initio calculations. Definitive comparisons are possible for the CX 4 molecules, where both electronic and vibrational contributions were calculated for several frequencies, and simple interpolation gives values directly comparable with experiment. This is not the case for the other molecules, where vibrational hyperpolarizability and electronic hyperpolarizability dispersion results are limited (H 2 O, NH 3 ) or non-existent.
APPENDIX A: RETARDATION SENSITIVITY
The HRS polarization ratio I CV /I H V is very sensitive to small deviations from circular polarization for the incident beam. One finds that the derivatives of Eqs. (2) and (3) 
The polarization state of the incident light is controlled by passing vertical polarized light through a LCVWP, with optic axis at angle π /4 to the vertical, and retardation . The transmitted polarization has the form given by Eq. (1) with δ = π /2 and ψ = /2.
